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~ I Summary 
I 

A d e s c r i p t i o n  i s  g iven o f  t he  apparatus developed t o  

i i n v e s t i g a t e  t h e  e f f e c t  o f  v e r y  h i g h  pressure  on gases. Re- 

s u l t s  on the  me1 t i n g  curves o f  A ,  C02, NH 

and ev idence o f  so l  i d - s o l  i d  t r a n s i t i o n s  i n  C02 and NH3 i s  

discussed. The exper imenta l  d i f f i c u l t i e s  encountered a r e  

reviewed and the  development o f  new equipment i s  a l s o  

and CH4 a r e '  g iven  3 

I rep0 r t  ed. 

XI Sta tus  o f  Experiments 

A. Apparatus 

The exper iments thus f a r  have been conducted i n  t h e  

p i s t o n - c y 1  i n d e r  dev i ce  shown i n  F i g u r e  1 .  The tapered s t e e l  

c o r e  ( a )  i s  i n t e r f e r e n c e  f i t t e d  i n  s t e e l  b i n d i n g  r i n g s  f o r  

e x t e r n a l  suppor t .  The c o r e  i s  open a t  b o t h  ends w i t h  a s t a t i c  

seal  ( b )  p laced a t  t h e  t o p  o f  t h e  c y l i n d e r  and t h e  moving seal i 

*. 

a t  t h e  bot tom ac tua ted  by the  tungsten c a r b i d e  p i s t o n  ( c ) .  

The p i s t o n  i n  t u r n  i s  moved by a 1000-ton h y d r a u l i c  ram a c t i n g  

th rough long  tens ion  rods t h a t  enable t h e  co re  and p i s t o n  

assembly t o  be immersed i n  t h e  c ryogen ic  coo lan t .  

The gas i s  f o r c e d  i n t o  the  pressure  chamber v i a  t h e  capi  1 - 
l a r y  tube usual  l y  a f t e r  be ing  p ressu r i zed  t o  a work ing  d e n s i t y  

by  a separa te  i n t e n s i f i e r .  A s  t h e  p i s t o n  i s  r a i s e d  t h e  seal 

bypasses the  c a p i l l a r y  i n l e t  thus reduc ing  the  p o s s i b i l i t y  o f  

a l eak .  N 6 5  8 8 6 0 2  
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The e n t i r e  core  i s  brought t o  the  a p p r o p r i a t e  temperature 

e i t h e r  by immersion i n  c o l d  bath o r  by ex te rna l  heater .  The 

p i s t o n  i s  then advanced and any volume d i s c o n t i n u i t y  encoun- 

t e r e d  d u r i n g  me1 t i n g  o r  a sol i d - s o l  i d  t r a n s i t i o n  i s  de tec ted  

by 3 rrlicrometer gauge f i x e d  t o  t h e  tens ion  rods. The p i s t o n  

i s  then lowered and the  d i s c o n t i n u i t y  i s  again de tec ted  on the  

re lease o f  pressure.  A t y p i c a l  d isplacement curve i s  shown i n  

F i g u r e  2 .  The d i f f e r e n c e  i n  the ups t roke  and downstroke g i v e s  

the  f r i c t i o n  c o r r e c t i o n .  The t o t a l  f r i c t i o n  i n  the  20 kb 

reg ion  i s  approx imate ly  3 kb and the  maximum v a r i a t i o n  i n  a 

c o r r e c t e d  t r a n s i t i o n  p o i n t  between runs i s  approx imate ly  1 kb. 

The co re  can then be taken t o  another  temperature and the  

process repeated t o  es tab l  i s h  another  p o i n t  on the  m e l t i n g  

curve. In p r a c t i c e  i t  i s  u s u a l l y  necessary t o  remove t h e  p i s -  

t o n  and lower  seal  complete ly  t o  rep lace  t h e  packings i n  the  

sea 1 s. 

Th is  arrangement has worked s a t i s f a c t o r i l y  up t o  a p p r o x i -  

ma te l y  25 kb pressure bu t  an excessive number o f  f a i  l u r e s  have 

been encountered above these pressures due t o  f r a c t u r i n g  of 

t he  core .  A new design has now been cons t ruc ted  ( F i g u r e  3 )  

t h a t  f e a t u r e s  a l a r g e r  b i n d i n g  r i n g  system and l a r g e  clamping 

n u t s  on e i t h e r  end of the core  t o  g i v e  end- load suppor t .  Th is  

apparatus has now been assembled and p r e l i m i n a r y  t r i a l s  have 

i n d i c a t e d  t h a t  i t  w i l l  be s a t i s f a c t o r y .  The o p e r a t i n g  tech-  

n iques  a r e  e s s e n t i a l l y  t h e  same as w i t h  t h e  o l d  co re  des ign.  
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B. Resu l ts  

The mel t , ing  curves determined t o  d a t e  a r e  shown i n  F igu res  

4-7. The so l  i d  1 ines  a r e  establ  ished curves f rom p rev ious  

workers i n  t h e  f i e l d  and the  crossed c i r c l e s  mark the  p o i n t s  

determined i n  t h i s  study. 

The cu rve  f o r  argon i s  shown i n  F i g u r e  4 and the  new p o i n t s  

a r e  i n  s u b s t a n t i a l  agreement w i t h  t h e  work o f  Lahr and Everso le  

(1962).  There i s  no break i n  the  m e l t i n g  curve, and none i s  

expected because argon, 1 i ke a1 1 o t h e r  r a r e  gases, c r y s t a l  - 
l i z e s  i n  c u b i c  c lose-packed s t r u c t u r e  and no phase change i s  

l i k e l y .  No problems a r e  a n t i c i p a t e d  i n  ex tend ing  t h i s  curve  

t o  the  40 kb reg ion,  a l t hough  t h e  volume d i s c o n t i n u i t y  on mel-  

t i n g  i s  r e l a t i v e l y  smal l .  

The m e l t i n g  curve  o f  C02 has been extended beyond Bridgman’s 

(1914) da ta  t o  23 kb as shown i n  F i g u r e  5.  There i s  a v e r y  

l a r g e  and e a s i l y  de tec ted  AV assoc ia ted  w i t h  the  m e l t i n g  of t h i s  

substance which descreases a t  h ighe r  pressure.  

There i s  an i n d i c a t i n g  o f  a s o l i d - s o l i d  t r a n s i t i o n  a t  room 

temperature and approx imate ly  25 kb. However, t h e  A V  i s  s o  

smal l  as t o  be w i t h i n  exper imental  e r r o r  and t h e r e f o r e  

as  y e t  be d e f i n i t e l y  es tab l i shed.  Bridgman (1938) has 

suggested t h e  p o s s i b i l i t y  o f  a s o l i d - s o l i d  t r a n s i t i o n  

p ressu re  range i n  h i s  c o m p r e s s i b i l i t y  s tud ies .  

Several  p r e l  im ina ry  experiments have been made t o  

g a t e  e l e c t r i c a l  r e s i s t a n c e  v a r i a t i o n s  i n  t h e  s o l i d  C02 

cannot 

a l s o  

n t h i s  

n v e s t i -  

th rough 

the  suspected t r a n s i t i o n  region. However, these exper iments 

have n o t  ye t  proved successful due t o  d i f f i c u l t i e s  i n  a f f e c t i n g  

a g a s - t i g h t  i n s u l a t e d  seal .  



The m e l t i n g  curve  o f  anhydrous ammonia has been extended 

t o  16 kb f rom the prev ious  1 i m i  t o f  3 kb repor ted  by Veresh- 

chagin and Voronov (1956). The m e l t i n g  curve  as shown i n  

F i g u r e  6 has a d e f i n i t e  break a t  approx imate ly  5 kb and -40°C. 

Th is  i n d i c a t e s  a t r i p l e  p o i n t  w i t h  a s o l i d - s o l i d  t r a n s i t i o n  

boundary i n  t h i s  reg ion .  Attempts t o  f i n d  t h i s  t r a n s i t i o n  

w i t h  t h e  volume d i s c o n t i n u i t y  apparatus have n o t  been suc- 

cess fu l ;  however, p repara t i ons  a re  now be ing  made t o  determine 

the  c r y s t a l  s t r u c t u r e  of s o l i d  NH i n  the  10 kb reg ion  by 

h i g h  pressure  X-ray techniques. Inasmuch as the  atmospher ic 

p ressure  s t r u c t u r e  o f  t h i s  substance i s  a d i s t o r t e d  face- 
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centered cube, i t  i s  presumed the nex t  h i g h  pressure w i l l  be 

an u n d i s t o r t e d  face-centered  cube. There i s  a l s o  some e v i -  

dence o f  another  so l  i d - s o l  i d  t r a n s i t i o n  a t  approx imate ly  25 kb. 

An ex tens ion  o f  t h e  m e l t i n g  curve t o  t h i s  p ressure  reg ion  may 

h e l p  t o  s u b s t a n t i a t e  t h i s .  

The o n l y  p rev ious  data on the m e l t i n g  curve  o f  methane 

has been repor ted  by C lus ius  and Weigand (1940) and t h e i r  

measurements extended t o  o n l y  200 bars.  The new m e l t i n g  p o i n t s  

f o r  t h i s  substance a r e  p l o t t e d  i n  F i g u r e  7. The c u r v a t u r e  o f  

t h e  m e l t i n g  curve  i s  apparen t l y  normal i n  the  reg ion  so f a r  

i n v e s t i g a t e d  bu t  as Stewart  (1959) has repo r ted  a sol i d - s o l  i d  

t r a n s i t i o n  i n  t h e  low temperature region, t h e r e  i s  a d i s t i n c t  

p o s s i b i l i t y  t h a t  h i s  1-111 t r a n s i t i o n  boundary may i n t e r s e c t  

t h e  m e l t i n g  curve  i n  t h e  15-20 kb reg ion.  
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Again, since no volume d i scon t inu i ty  f o r  t h i s  sol id-sol i d  

t r a n s i t i o n  has been detected, i t  is hoped t h a t  an extension 

of the m e l t i n g  curve w i l l  help resolve t h i s  region of t h e  

phase diagram. 

IiI Technical D i f f i c u l t i e s  

One of the primary d i f f i c u l t i e s  w i t h  very h i g h  pressure 

gas research is t h e  problem of sea l ing  the gas  both i n  i t s  

low pressure  gaseous region and i n  t h e  h i g h  p ressure  region 

where t h e  gas i s  i n  i t s  s o l i d  s t a t e .  T h e  problem i s  p a r t i c u -  

l a r l y  accu te  f o r  t h e  moving seal. T h e  so lu t ion  of t h i s  problem 

has b e e n  t o  use a compound seal w i t h  b o t h  a sof t  I1O1'  r ing f o r  

low pressure  seal i n g  and a Bridgman "unsupported areal '  packing 

seal  f o r  the h i g h  p ressure  region. A schematic diagram of t h e  

seal  i s  shown below. 
I 

-"O" ring vD - Pb washer 

T h e  I 1 O 1 I  r ings  m u s t  b e  chosen b o t h  f o r  t h e  temperature range 

o f  t h e  experiment and f o r  chemical compa t ib i l i t y  w i t h  t h e  s u b -  

s t a n c e  u n d e r  i nves t iga t ion .  B u t y l  rubber, S i  rubber and t e f l o n  

I 1 O 1 '  r i n a s  " have b e e n  u t i l i z e d  e x t e n s i v e l y  on a l l  t h e  experiments 

t o  d a t e .  



Unfortunately t h e  Bridgman seal is s u s c e p t i b l e  t o  f a i l u r e  

above 30 k b  pressure.  

excursions above 30 k b ,  t h i s  h a s  not been a l i m i t i n g  f a c t o r  

a s  yet. However, several experiments w i t h  a wedge-shaped 

brass  washer seal  a s  shown below indica tes  a s a t i s f a c t o r y  

s o l u t i o n  has been found f o r  a pressure seal f o r  work i n  t h e  

maximum pressure  range. 

As o t h e r  problems have prevented many 

- ''0" ring 
Pb washer - 0 - Brass was her 

T h e  use of lead or'indium a s  backup washers f o r  t h e  "0" 

r ings  has been found not o n l y  t o  h e l p  insure  a good seal  b u t  

a l s o  h e l p s  reduce f r i c t i o n .  T h e  reduction of  f r i c t i o n  becomes 

increasing1 y important a t  higher pressure  and/or  lower 

t empe r a t  u r e s .  

I t  is a n t i c i p a t e d  t h a t  t h e  problems of co re  f a i l u r e  a s  

descr ibed  i n  s ec t ion  I1  w i l l  not re-occur w i t h  t h e  n e w  core  

d e s i g n .  However, a s  h i g h e r  pressures  a r e  obtained t h e  prob- 

lems of f r i c t i o n  w i l l  most l i k e l y  increase.  T h i s  d i f f i c u l t y  

i s  a l s o  compounded by t h e  f a c t  t h a t  i n  general higher pressures  

r e s u l t  i n  lower volume d i s c o n t i n u i t i e s ,  t h u s  increas ing  t h e  

u n c e r t a i n t i e s  i n  determining a g i v e n  phase boundary. 
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T h e  c a p i l l a r y  gas i n l e t  proved t o  be c r i t i c a l .  I n i t i a l l y  

the c a p i l l a r y  tube was s i l v e r - s o l d e r e d  t o  the  c o r e  but t h i s  

proved t o  be a f requent  source o f  leaks and has t h e r e f o r e  

been rep laced by a cone- in-cone seal t h a t  i s  b o l t e d  on t o  

the  core.  T h i s  has proved t o  be much more s a t i s f a c t o r y .  
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